Sensory fibers innervating muscles in the arm of the bullfrog form specific patterns of monosynaptic connections with motoneurons in the spinal cord. We show here that these normal patterns are re-established after interruption of the second dorsal root (DR2) in tadpoles and postmetamorphic frogs. DR2 was either cut or crushed, and 2 to 8 months later the extent and specificity of regeneration were assessed anatomically and physiologically.
Regeneration
of synaptic connections within the central nervous system (CNS) occurs only to a limited extent. One of the major problems in many systems is that lesioned axons do not grow back to their original target area. For example, transection of the mammalian spinal cord results in permanent loss of anatomical continuity (Puchala and Windle, 1977; Gearhart et al., 1979) . Regenerating axons do not-elongate across the lesion site. One possible explanation is that central neuroglial cells are much less conducive to axonal elongation than are Schwann cells (Stensaas et al., 1979; Perkins et al., 1980; Richardson et al., 1980 Richardson et al., , 1982 David and Aguayo, 1981) . Because of the difficulty in achieving axonal regrowth, comparatively little is known about whether appropriate synapses would be formed at the original target area.
We have studied the regeneration of monosynaptic sensorymotor connections in the brachial spinal cord of the bullfrog after dorsal root section. In this system, synaptic contacts are located in close proximity to the dorsal root entry zone so that lesioned fibers need not regenerate over long distances within the CNS to reach their original target area. Synaptic reconnection can be assessed directly by recording from motoneurons ' intracellularly while stimulating various sensory nerves. Moreover, the specificity of these new connections can be tested since muscle sensory afferents normally project differentially to synergistic versus antagonistic motoneurons. We report here that triceps sensory afferents re-establish their normal specific pattern of connections with brachial motoneurons in the spinal cord.
A preliminary account of these results has appeared in abstract form (Frank et al., 1982) , and some of the anatomical findings have recently been confirmed (Liuzzi and Lasek, 1983 The second dorsal root (DR2), which contains all of the forelimb sensory afferents, was exposed for unilateral lesion by a dorsal laminectomy and was cut or crushed close to its entry point into the spinal cord. Each crush was performed twice, for 5 set each time, with forceps ground flat for 1 mm; the root became transparent in the region of the crush and was most often nearly severed by the procedure.
The wounds were sutured and the animals were allowed to recover. All animals showed a complete absence of sensation in their affected forelimbs and used them abnormally for at least several weeks. Two to 8 months later, the regeneration was assessed physiologically and anatomically.
For Table  I ). A feature of normal sensory projections that was usually not re-established after dorsal root regeneration was the long tract projection of sensory axons in the dorsal columns. Normally 3000 to 4000 myelinated axons from DR2 course longitudinally in these columns (Wilhelm and Coggeshall, 1981) . Very few of these long tract fibers regenerated, however and the rostrocauda1 extent of those few fibers that did project was less than normal (refer to Fig. 1) . Counts of the number of labeled dorsal column fibers were taken at a distance of 0.5 mm from the DR2 entry zone. This is about the distance at which the density of regenerated sensory afferent arborizations in the neuropil was substantially diminished. Of five tadpoles with lesioned roots, four (animals # 2, 3, 7, and 8 in Table I ) had fewer than 11 dorsal column fibers labeled, with the total rostrocaudal extent of these fibers less than 2.5 mm. In contrast, the one tadpole whose root was cut at stage XIV (animal # 1 in Table I ) had more than 40 labeled dorsal column fibers, with a longitudinal extent greater than 4.0 mm. Regrowth of fibers into the dorsal columns was also sparse or absent when the lesions (either cuts or crushes) were made in juvenile frogs. All 8 juveniles whose DR2s were cut and later labeled with HRP had fewer than 21 dorsal column fibers labeled, with the longitudinal extent less than 3.7 mm. Of 11 juveniles whose DR2s were crushed, 7 had fewer than 15 labeled dorsal, column fibers and a longitudinal projection of less than 3.5 mm. In contrast, the other 4 frogs (animals # 28, 29, 30, and 31 in Table I ) had more than 50 labeled dorsal column axons which projected longitudinally for more than 4.2 mm. Except for the four animals specifically mentioned above, the small number of labeled sensory axons in the dorsal columns in animals with cut or crushed dorsal roots provided an internal control that sensory axons were severed by the crush procedure. If some sensory axons had not been severed, their axons would have been present in the dorsal columns.
The presence of a substantial number of dorsal column fibers in the other four frogs, as well as the stage XIV tadpole, was correlated with reproducible arm withdrawal in response to pinch. These observations raised the possiblity that the crushes were incomplete in the four frogs operated as juveniles; therefore, the data from these experiments were excluded from further analysis. However, it is possible (and we think likely) that the DR2 crushes in this excluded group were actually complete. If so, it would suggest that dorsal column fiber regeneration can be more successful after crushing than after cutting the sensory root (see "Discussion").
Physiology. Functional synaptic connections were formed by regenerating sensory axons with spinal neurons. Stimulation of either cutaneous or muscle nerves in the periphery evoked synaptic potentials in brachial motoneurons (see Fig.? ?). One measure of the specificity of these regenerated connections was that inputs from muscle sensory axons onto motoneurons were monosynaptic (average latency of only 5.7 msec, n = 229), whereas inputs from cutaneous sensory axons onto the same motoneurons were mediated polysynaptically (average latencies were 14.5 msec, n = 150) (see examples in Fig. 2) . The corresponding latencies for normal animals in this study were 5.0 msec (n = 144) for muscle sensory inputs and 12.0 msec (n = 106) for cutaneous inputs. Thus, muscle sensory axons re-form monosynaptic connections with motoneurons while cutaneous afferents do not, just as in normal animals.
Another measure of specificity of these regenerated connections was made by comparing the amplitudes of triceps EPSPs in triceps versus non-triceps motoneurons.
In a normal frog, triceps sensory afferents project very differently to triceps and non-triceps motoneurons (Frank and Westerfield, 1982) . Stimulation of triceps sensory afferents elicits larger monosynaptic EPSPs in triceps motoneurons than in subscapularis or pectoralis motoneurons.
This normal, specific pattern of input is reestablished in animals with regenerated dorsal roots. Representative single traces illustrating this specificity are shown in Figure  3 , and the combined results from all animals with regenerated roots are shown in the histograms of synaptic potential amplitudes in Figure 4 . In frogs whose dorsal roots were cut during larval life, the monosynaptic input from triceps sensory axons was 6.6-fold larger, on average, in triceps motoneurons than in subscapularis or pectoralis motoneurons.
Similarly, when the dorsal root was cut or crushed in juvenile frogs, EPSPs from regenerated triceps sensory axons were an average of 4 times larger in triceps than in these non-triceps motoneurons. This preference for triceps over non-triceps motoneurons was very similar whether the dorsal root had been cut or crushed. roots, and a few triceps motoneurons received no triceps input. Cell counts of DRG2 in the frog whose root was cut at stage XIV (animal # 1 in Table I) INTACT ROOT Figure 4 . Normalized amplitude histograms of monosynaptic triceps sensory input to triceps and non-triceps motoneurons (subscapularis and pectoralis combined). Monosynaptic EPSPs are defined as those with latencies < 6.5 msec (see "Materials and Methods"). In juveniles with intact dorsal roots, monosynaptic input from triceps sensory afferents to triceps motoneurons is larger than that to non-triceps motoneurons. Similarly, in animals with DRZs cut as taduoles. or with DR2s cut or crushed as juveniles, triceps sensory afferents regenerate to make stronger . I monosynaptic projections to triceps than to non-triceps moteneurons.
two of the juvenile frogs (animals # 25 and 26 in Table I ) were similar (4610 versus 4792, and 5620 versus 5847), however; thus dorsal root lesions in juveniles probably do not result in a large amount of cell death. Because the extent of regeneration varied from animal to animal, we computed a specificity index (SI) for each frog so that the specificity of regeneration could be compared more easily among animals with differing amounts of sensory regeneration. We first calculated the ratio of the average monosynaptic EPSP amplitude from triceps sensory afferents onto two classes of non-triceps motoneurons (subscapularis and pectoralis) divided by the average monosynaptic EPSP amplitude from the same sensory afferents to triceps motoneurons. The specificity index was then defined as 1 minus this ratio:
SI=l-triceps EPSPs in non-triceps motoneurons triceps EPSPs in triceps motoneurons This specificity index has the property that values close to 1 represent high levels of specificity (i.e., triceps sensory afferents project much more strongly to triceps than to non-triceps motoneurons) whereas values near 0 represent low levels of specificity (i.e., triceps inputs to triceps versus non-triceps motoneurons are similar). Specificity indices are plotted in Figure 5 as a function of average monosynaptic triceps sensory input to triceps motoneurons, a measure of the extent of triceps afferent regeneration in the experimental animals. The results show that the specificity of triceps sensory regeneration was high, independent of, the extent of regeneration. Specificity indices were always greater than zero, and only one frog had a specificity index less than 0.5 (for this frog, only one non-triceps motoneuron was sampled, thus the result has no statistical significance). The range (+l SD around the mean) of specificity indices in both tadpoles and juveniles with regenerated dorsal roots overlapped substantially with that found in normal frogs (0.71 to 0.95 (roots cut as tadpoles) and 0.55 to 0.97 (roots cut or crushed as juveniles) compared wqith 0.73 to 0.95 (normal frogs)). Specificity was high even in cases where the extent of regeneration was the lowest. Furthermore, cutting or crushing the dorsal root made little difference in the specificity of regeneration (refer to Table I ). Normally there is a hierarchy in the strength of triceps sensory projections to several different types of non-triceps motoneurons.
This is most easily seen in a plot of normalized amplitude ranges (mean f 1 SD) for triceps input onto different Table I ) from a single animal. The number of motoneurons sampled in each case is listed in Table I . 0, normal juveniles; 0, DR2 cut as tadpole; w, DR2 cut or crushed as juvenile. Specificity indices for most experimental animals are similar to those of normal juveniles.
classes of motoneurons (Fig. 6 ). Triceps sensory afferents produce the largest EPSPs in triceps motoneurons, smaller EPSPs in ulnaris and radialis motoneurons, even smaller EPSPs in subscapularis motoneurons, and the smallest EPSPs in pectoralis motoneurons.
This hierarchical input onto the four classes of motoneurons was re-established after regeneration. In normal frogs, the range of triceps input to triceps motoneurons falls above that of triceps input to ulnaris and radialis motoneurons, with no overlap. In animals with regenerated roots, triceps input onto triceps motoneurons is larger overall than triceps inputs onto ulnaris and radialis motoneurons, but the two ranges overlap considerably.
Just as in normal juveniles, triceps sensory afferents in animals with regenerated DR2s project even more weakly to subscapularis motoneurons and most weakly of all to pectoralis motoneurons.
In normal animals, the range of triceps input to subscapularis and pectoralis motoneurons falls below that of triceps input to triceps moto- Vol. 4, No. 11, Nov. 1984 Motoneuron Types Figure 6 . Normalized amplitude ranges (mean + SD) for monosgnaptic triceps input to four classes of motoneurons: triceps (T), ulnaris and radialis (U&R). subscaoularis (S). and oectoralis (P). Differential triceps input is re-established in animals with DR2s cut as a tadpole, or cut or crushed as a juvenile. Triceps motoneurons receive the largest input, followed by ulnaris and radialis, then subscapularis, and finally pectoralis, just as in the normal juvenile. neurons, with no overlap. After regeneration, there is a small overlap between triceps input to triceps versus subscapularis motoneurons, but no overlap between input to triceps versus pectoralis motoneurons.
Number of triceps sensory axons. The interpretation that this synaptic specificity is the result of true axonal regeneration rather than de novo axonal elongation depends critically on the assumption that normal elongation has ceased in recently metamorphosed frogs, when the sensory axons were severed. We therefore tested this assumption directly, by counting the number of triceps sensory axons in the dorsal root in two adult frogs (at least 6 months postmetamorphic) and two young frogs (less than 2 weeks postmetamorphic).
The counts were made electrophysiologically, by comparing the amplitude of a single sensory impulse recorded in DR2 to that of the compound action potential evoked by stimulation of the entire triceps nerve (see "Materials and Methods"). The two young frogs had 27 and 43 medial triceps axons, and both had 10 internalexternal triceps axons in the dorsal root, while the two adult frogs both had 28 medial axons and 6 and 10 internal-external axons. The number of triceps sensory axons in the dorsal root and hence presumably in the spinal cord is therefore already at its adult level shortly after metamorphosis.
This implies that the synaptic connections we have demonstrated in juvenile frogs were the result of regeneration of triceps axons that were already in the spinal cord at the time they were interrupted in the dorsal root.
Discussion
The major finding from these studies is that sensory fibers can regenerate and re-form specific synaptic connections within the spinal cord after they are severed in the dorsal root. This specificity is shown in two ways. First, although both muscle and cutaneous sensory afferents regenerate, only muscle afferents make monosynaptic connections with brachial motoneurons. The cutaneous sensory input to motoneurons is polysynaptic, just as in normal animals. Second, following regeneration, the relative amplitudes of triceps monosynaptic EPSPs in different classes of motoneurons are the same as normal. Triceps sensory afferents form the strongest inputs to triceps motoneurons, weaker input to ulnaris and radialis motoneurons, even weaker input to subscapularis motoneurons, and weakest input to pectoralis motoneurons, the same pattern that exists in the normal frog.
When DR2 is cut in a late-stage tadpole, it may not be surprising that functional sensory-motor connections are reestablished, since the operations are performed at a time when triceps sensory afferents are normally still forming monosynaptic connections (Frank and Westerfield, 1983) . Although sensory fibers probably have already grown into the spinal cord at the time the root is cut (Jhaveri and Frank, 1980; Frank and Westerfield, 1983) , the "regeneration" in these animals may actually represent the initial process of synapse formation, although delayed somewhat by the lesion. However, when DR2 is cut or crushed in the postmetamorphic frog, triceps sensory afferent regeneration is also quite specific. Since these operations were performed after the number of triceps axons in the dorsal root had reached its adult level, true regeneration of functionally appropriate connections must be occurring in these animals.
Regenerating sensory fibers in this system usually do not reestablish their long projections in the dorsal columns. Normally, a dorsal root fiber projects for several spinal segments in the dorsal columns as well as arborizing locally in the dorsal horn. In contrast, regenerated fibers in experimental animals generally arborized only locally. Forehand and Fare1 (1982) and Stensaas (1983) have also noted the absence of long tract regeneration in the spinal cord of lower vertebrates. In adult mammals, long tract fibers also do not regenerate within the spinal cord (Lampert and Cressman, 1964; Gilson and Stensaas, 1974) , although here even the amount of local arborization is usually quite small (David and Aguayo, 1981) .
An intriguing observation is that dorsal column projections were present in four of the frogs after dorsal root crush, and these were the only animals that regained completely normal use of their arms. In these animals, triceps monosynaptic EPSPs were as large as normal, and the specificity of their reconnections with brachial motoneurons was high. Because we have no absolute guarantee that all of the sensory axons had been successfully disrupted, we have excluded these animals from our results. However, it will be interesting to see if regeneration is even better when sensory fibers are interrupted without severing the entire dorsal root. Zakon and Capranica (1981) have reported that auditory fibers in the VIIIth nerve regenerate and reinnervate the cochlear nucleus of mature frogs. Binaural cells in the superior olivary nucleus normally have similar frequency sensitivities when tested in the two ears. After regeneration of one VIIIth nerve, input from the two sides was again well matched. Zakon and Capranica (1981) suggest that a probable explanation of these results is that regenerating fibers selectively reinnervate their former target cells, as we have observed here. However, since the pathway is disynaptic, they also raise the possibility
